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permit targeting of the protein fused to EGFR 
(in this case, SEPT14 or PSPH).

For personalized medicine to include the 
treatment of complex diseases such as cancer, 
therapies must truly be based on genomics. 
The first step in this process was undertaken 
by Frattini et al.1, whose efforts led to the iden-
tification and validation of several new drivers 
for glioblastoma, which will hopefully expedite 
the development of new therapies.
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EGFR-SEPT14 and EGFR-PSPH fusions is of 
interest because most of these events occurred 
in tumors that lacked the EGFRvIII rearrange-
ment, which occurs in a large subset of glio-
blastomas14. Introducing EGFR-SEPT14 into 
GSCs increased their proliferation, migration 
and activation of phosphorylated STAT3, an 
important signaling node for GSCs15 (Fig. 1b). 
Targeting the EGFR-SEPT14 fusion protein 
with EGFR inhibitors such as lapatinib and 
erlotinib delayed tumor growth but only in 
tumors with EGFR genomic alterations. The 
complexity of EGFR mutations and amplifica-
tions poses challenges for therapeutic target-
ing; however, identifying fusion proteins may 

a corresponding analysis of ~5,000 human  
mitochondrial genomes representing the 
major human haplogroups, they inferred 
close coevolution of MTBC strains with  
anatomically modern humans as these humans 
migrated out of Africa and colonized dif-
ferent regions globally. The authors found 
that the abrupt increase in human density 
around 10,000 years ago, during the Neolithic 
Demographic Transition, was critical to the 
successful spread of this pathogen, pointing to 
human demography as a strong selective force. 
However, these results should be compared with 
those of another very recent study, which has 
argued against the codivergence of human and  
MTBC populations6.

Drug resistance
In one of the two papers using large collections 
of clinical M. tuberculosis isolates to identify 
genetic markers of drug resistance, Farhat 
et al.2 report whole-genome sequencing of a 
panel of 123 M. tuberculosis strains that was 
chosen to ensure coverage of the major global 
M. tuberculosis lineages and to include pro-
gressively resistant isolates from community 
transmission chains or from individual patients 
with tuberculosis. Preferring not to employ 
commonly used tests to detect signatures of 

three separate studies in this issue describe 
the use of comparative analyses of whole-
genome sequence data from clinical2,3 and 
laboratory4 M. tuberculosis isolates to identify 
mutations that might enable the emergence of 
drug resistance. In combination, these stud-
ies identify unexpected resistance-associated 
mutations and expand our understanding 
of the genetic diversity underlying drug  
resistance. Tuberculosis chemotherapy repre-
sents a recent selective force on M. tuberculosis,  
having been introduced approximately  
70 years ago. To investigate the potential 
coevolution of M. tuberculosis with its obligate 
human host, a fourth study in this issue focused 
on the other end of the evolutionary timeline 
(Fig.  1), providing the context in which to 
consider the adaptation of modern strains to  
drug pressure.

Evolution of MTBC strains
Comas et al.5 sequenced and analyzed the 
genomes of 259 globally diverse strains of the 
M. tuberculosis complex (MTBC), a group of 
closely related mycobacteria that can cause 
tuberculosis. Their phylogenetic analysis sug-
gested that MTBC strains emerged in Africa 
about 70,000 years ago. By comparing the 
evolutionary history of M. tuberculosis with 

Comparative genomic studies have identified 
fundamental aspects of the pathogenesis and 
evolution of M. tuberculosis, the causative agent 
of tuberculosis. However, deconvoluting com-
plex virulence and drug resistance phenotypes 
remains challenging and is complicated by 
clinical classifications of M. tuberculosis strains 
as either susceptible or resistant, as these clas-
sifications rely on testing for a small number of 
defined resistance-associated mutations or on 
measured resistance to a single applied critical 
concentration of the drug. This binary classi-
fication system does not account for the range 
of drug susceptibilities present in strains1. Now, 
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selective pressure, on the grounds that the 
clonal expansion underlying M. tuberculosis  
diversity precludes the useful application of 
these tests, the authors instead employed a new 
phylogenetic convergence test that identified all 
11 known resistance determinants and 39 new 
targets of independent mutation (TIMs) located 
in 30 genes and intergenic regions (IGRs).  
A sizeable number of TIMs mapped to the large 
family of PE/PPE genes that encode proteins 
whose precise role in mycobacterial pathogen-
esis remains obscure7. Five other TIMs were 
located in genes involved in cell wall biosyn-
thesis or remodeling. Importantly, the authors 
experimentally confirmed the functional impact 
on altered drug susceptibility of a specific muta-
tion in one of these genes, ponA1.

In the second study, Zhang et al.3 searched 
for the genes, IGRs and nonsynonymous SNPs 
most strongly linked to resistance in a panel of 
161 M. tuberculosis strains from China, almost 
all of which were from lineage 2 (mainly from 
East Asia) or lineage 4 (mainly from Europe). 
Their initial analysis, restricted to multidrug-
resistant (MDR) and extensively multidrug- 
resistant (XDR) isolates, identified many known 
resistance-associated genes. When applying 
this analysis to the full panel of strains, they 
identified a further 70 genes (including 3 well-
known drug resistance–associated genes) and 
19 IGRs associated with resistance to the major  
first- and second-line tuberculosis drugs. Using 
the ratios of nonsynonymous to synonymous 
SNPs (dN/dS ratios) to measure the impact 
of selection, the authors found that antibiotic 
pressure has exerted a small but positive selec-
tive effect on the M. tuberculosis genome, with 
sites showing signs of such positive selection, 
for this particular collection at least, mapping 
almost entirely to the 84 drug resistance– 
associated genes identified in the study.

These two studies6,7 identify candidate genes 
associated with resistance to one or more drugs 

that warrant further investigation and show a 
tantalizing association of IGRs with drug resis-
tance, which is consistent with the growing  
appreciation of the potential role of non-genic 
regions in mycobacterial physiology8. These 
studies also detected resistance-associated 
mutations that were present in drug-sensitive  
strains, suggesting that these mutations might 
represent early events in the sequential acqui-
sition of resistance or, alternatively, might 
confer an incremental fitness advantage.  
Similarly, separate analyses of drug-resistant 
isolates confirmed that extensive multidrug 
resistance arises through the accumulation of 
nonsynonymous mutations that are associated 
with resistance to second-line drugs rather 
than as a result of mutations in a small num-
ber of genes conferring pan-drug resistance.  
The studies also highlight the relevance of 
cell wall remodeling pathways to drug resis-
tance, an emerging theme that echoes recent 
observations from related work9. There were 
some notable absences of known mutations, 
too, including in rpsA—recently proposed to 
underlie an elusive alternative mechanism of 
resistance to the frontline tuberculosis agent 
pyrazinamide10—with these mutations not 
identified as associated with resistance in  
either study.

In the third study, Safi et al.4 applied a 
combination of in vitro selection and elegant 
molecular genetic techniques to gain new 
insight into the evolution of ethambutol resis-
tance in M. tuberculosis. Importantly, this 
work suggests that the acquisition of high-level 
ethambutol resistance occurs in a multistep 
process. According to the model of Safi et al., 
mutations in embB are followed by mutations 
in pathways for the biosynthesis (Rv3806c) 
or use (Rv3792) of the cell wall precursor 
decaprenylphosphoryl-β-d-arabinose (DPA), 
which, finally, are followed by mutations in 
embC. In Rv3792, Safi et al.4 provide the first 

example of an association between a synony-
mous SNP and drug resistance in M. tuberculosis.  
Moreover, the Rv3806c (UbiA) protein func-
tions in tandem with another enzyme, DprE1, 
which has emerged as a promiscuous target 
of new anti-tuberculosis agents11. Consistent 
with the presence of DprE1 and Rv3806c 
in the same biochemical pathway, etham-
butol does not appear to act synergistically  
with known DprE1 inhibitors12; however, it 
might be interesting to consider whether dprE1 
mutants are associated with differential suscep-
tibility to ethambutol. Finally, it is notable that 
mutations in Rv3806c were identified sepa-
rately in vitro4 and in clinical isolates3, but, in 
contrast to the demonstrated role of this gene 
in ethambutol resistance, it was implicated in 
fluoroquinolone resistance in Zhang et al.3. 
A similar disconnect is also suggested by the 
discrepant Rv3806c-associated phenotypes 
reported by Safi et al.4 and in previous work 
by the same group13.

Tuberculosis treatment and control
Together, the papers highlighted here expand 
the panel of M. tuberculosis drug resistance 
markers and suggest that, although prevalent, 
low-level resistance might remain undetected 
by current diagnostic methods. These findings 
have significant implications for global tuber-
culosis control efforts and reinforce recent pro-
posals to replace current clinical microbiology 
methods for routine diagnosis and drug sus-
ceptibility testing with high-throughput whole-
genome sequencing approaches14. In addition, 
the expanded genetic profile of resistance may 
be useful for clinical management and thera-
peutic selection. These possibilities have spe-
cial significance in regions of the world, such as 
southern Africa, where tuberculosis continues 
to exact a devastating toll.
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Figure 1  A timescale for the evolution of M. tuberculosis with its human host and the emergence of 
drug resistance. Four separate studies in this issue describe the use of comparative genomics to infer 
the selective pressures that have shaped the evolution of M. tuberculosis with its obligate human host5, 
as well as the adaptive mutations that might enable the emergence and fixation of drug resistance in 
clinical M. tuberculosis strains2,3, including resistance to ethambutol4.
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